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Summary
Objective: The study was performed to clarify the metabolic background of the variations in proteoglycan
concentrations, relating to ageing and the spontaneous development of osteoarthrosis in guinea pigs.
Methods: Six-, 9- and 12-month-old Hartley guinea pigs were injected intraperitoneally with Na235SO4. The
incorporation and degradation of various proteoglycans were analyzed in different areas of tibial articular cartilage
during the development of osteoarthrosis.
Results: Proteoglycan synthesis was most active in the uncalcified cartilage of 6-month animals and highest in the
medial compartment with its presumably higher load. The breakdown of proteoglycans decreased with age. The onset
of osteoarthrosis was associated with decreased synthesis of large and small proteoglycans, while the rate of
degradation remained unchanged.
Conclusion: During onset of osteoarthrosis the synthesis of large proteoglycans gradually becomes insufficient to
compensate for the simultaneous degradation. This differs from findings in more rapidly progressing, experimental
secondary osteoarthrosis, where a substantial increase in the rate of degradation is more conspicuous.
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Introduction
The underlying pathogenetic mechanisms of
primary osteoarthrosis (OA) are little known.
Therefore, a number of animal models have been
devised [1, 2]. Most OA models involve a graded
joint injury, resulting in a progressive condition
resembling secondary posttraumatic arthropathy.
However, a condition similar to human primary
OA spontaneously develops in Hartley guinea pigs
[3, 4, 5].
The high fixed-charge density of proteoglycans
(PGs) gives cartilage resilience and load distri-
bution capacity [6]. In OA, both the concentration
and composition of PGs change in mechanically
insufficient areas [7]. Early changes in secondary
OA include a hypertrophic phase with increased
PG synthesis, concurrently with increased degra-
dation of matrix components [2, 8–11]. Guinea pig
OA develops reproducibly in a characteristic
pattern, the first lesions appearing in the medial
compartment of the tibial plateau between 6 and 12
months of age [5]. The cartilage PG concentration
varies regionally, higher levels being found in
areas which presumably carry a heavier load. But
the onset of overt OA interrupts this pattern, the
concentration of PGs decreases in affected tissue
fractions [12]. The aim of the present investigation
was to clarify the metabolic background of this
variation in proteoglycan concentration and
determine whether it relates to anabolic or
catabolic changes.
Material and methods
All reagents used were of analytical grade.
Chondroitin sulfate (CS), chondroitinase AC,
chondroitinase ABC and their D-disaccharide
standards were obtained from Sigma (St. Louis,
MO, USA). High molecular weight hyaluronan
(HA) was obtained from Pharmacia-Upjohn (Upp-
sala, Sweden).
Six-, 9- and 12-month-old outbred male Dunkin
Hartley guinea pigs (MHllega˚rd, Copenhagen,
Denmark) weighing 0.97 2 0.1 kg, 1.1 2 0.01 kg,
and 1.3 2 0.07 kg, respectively were used in the
experiments (N = 8 in each group). 35SO4 carrier-
free sodium sulfate (NEX-041H, DuPont de
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Nemours, Dreieich, Germany) was injected in-
traperitoneally (10 mCi/kg). The animals were
killed by intraperitoneal injections of pentobarbi-
tal, taking three animals after 24 h and five after
1 week. The left and right proximal tibiae were
removed and dissected under a dissection micro-
scope.
The calcified and uncalcified articular cartilage
were separated and the respective tissues from the
central and peripheral portions of the medial and
lateral plateaus were dissected and pooled to yield
eight tissue fractions in each age group, as earlier
described [12]. In brief, the two tissues were
divided at tidemark, which was defined by the
hardness of the underlying calcified tissue and by
the opaque appearance under the dissection
microscope. The slightly reddish bone tissue was
discarded. The frozen tissues were cut into 20 mm
sections, lyophilized and weighed. The PGs were
extracted with 4 M guanidine hydrochloride
(GuHCI) containing 0.01 M EDTA, 0.05 M sodium
acetate and a protease inhibitor cocktail (0.1 M
6-aminohexane, 5 mM benzanhydrochloride, 5 mM
N-ethylmaleimide), with pH adjusted to 5.8. The
extractions were performed at 4° C for 2 · 24 hours,
each extraction using 40 ml per mg dry tissue
weight. The calcified tissue fractions were first
extracted with the above solution to give PGs from
the uncalcified admixtures, whereafter the PGs of
the calcified tissue fraction were obtained by
increasing the EDTA content to 0.25 M [13]. In all
cases the extraction yields exceeded 95%. Total
yields were measured by scintillation counting,
correcting for the decay of the isotope.
Large and small PGs were separated by agarose
gel electrophoresis [14]. In short, aliquots of the
extracts were precipitated with nine volumes of
ethanol and the precipitates obtained were
dissolved in an electrophoresis buffer containing
SDS. The electrophoretic mobility was then
monitored using 1.2% agarose gels at 90V for 1.5 h.
The gels were monitored by densitometry and the
amount of label in each band determined by
subsequent autoradiography. The aggregability of
the PG monomers was visualized by also incubat-
ing with HA prior to electrophoresis and compar-
ing with preparations in which the HA binding
regions had been reduced to prevent aggregation
[14].
The concentration of CS and HA in the tissue
and the sulfation pattern was quantitated, using
high-performance liquid chromatography (HPLC).
Following digestion with chondroitinases AC and
ABC and subsequent separation of the variously
sulfated delta-disaccharides [15], the sulfation
pattern of labeled CS was monitored by radio-
chemical detection. The concentrations of total CS
and HA were then determined following further
digestion with sulfatases and subsequention su-
pression HPLC [16].
Synthetic rates were monitored as the amount of
isotope incorporated during the first day, while
rates of degradation were calculated from the
decay between days 1–7. The metabolic balance
was estimated by comparing the amount of label
incorporated (CPM) measured after one day and
the amount degraded expressed as mg of uronic
acid, the latter figure calculated from the specific
activity (CPM/mg uronic acid) after one day.
To monitor the appearance and extent of light
microscopic OA lesions during the experimental
period, the proximal tibiae from an additional
eight animals per age group had previously been
taken for stereological analysis on the light
microscopical level. Using the same sections the
entire epiphysis and the osteophyte volume of
proximal tibiae were measured by point- and
intersection-counting ( q 200 hits per item each
plateau) on a projection light microscope at a final
magnification of · 50, using a multipurpose test
system M 42 [18]. The maximal anterior-posterior
distance of the medial and lateral condyle was
measured respectively for each tibia. The thickness
of the proximal tibial epiphysis were measured as
the distance from the articular surface in the
central portion of the respective condyles to the
underlying bone-epiphyseal cartilage junction.
Morphometrical difference were tested by analysis
of variance, using Tukey’s test at a rejection level
of 5%. Because of the small amount of tissue yield
from each animal, biochemical data were based on
pooled material, thus preventing statistics evalu-
ation of intra-animal variability (N = 1). All
analyses were performed in triplicate, the variabil-
ity of the analytical procedure being less than 10%.
Results
The articular cartilage appeared normal in the
6-month and most of the 9-month-old animals with
well developed tidemark already at 6 months. At 12
months, the central portion of the medial tibial
plateau showed indisputable OA-like changes as
previously described [12], and osteophytes were
only also seen on the medial side at this age
(Table I) the lateral plateau and the meniscus-cov-
ered surfaces were largely intact. Stereology also
confirmed the continuous appositional growth
of the epiphysis during the observation period
(Table II).
In general, the agarose gels readily separated
large and small PGs, although the large aggrecan
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Table I
Osteophyte development was only seen in the periphery of the medial
tibial plateau at 12 months of age. Mean (SD)
Medial condyle (mm3) Lateral condyle (mm3)
6 months 0.0 2 0.0 0.0 2 0.0
9 months 0.0 2 0.0 0.0 2 0.0
12 months 0.25 2 0.14* 0.0 2 0.02
PQ 9[94 compared with 5!month!old group[
band could not be further resolved with the present
autoradiography. The aggregability of newly
formed PGs was the same as for the complete
population of large PGs (Fig. 1; cf. reference no.
12). Most of the labeled PGs isolated from the
calcified cartilage fraction appeared more or less
degraded (Fig. 1).
six months old animals
The highest synthetic rates were found in the
non-calcified cartilage from the medial plateau at
6 months, peak values being found centrally
(Fig. 2). In this tissue, 83–85% of the label was
incorporated as large PGs, somewhat lower rates
and proportions being found laterally. The half-life
time of the incorporated label was close to one
week. The metabolic balances were similar in the
central parts of the two plateaus (Fig. 3),
indicating a net increase in small PGs at this age.
The turnover of PGs in calcified tissue followed a
similar pattern, with higher rates medially. In all
tissue fractions, the incorporation in calcified
cartilage was less than 1% of that in the
corresponding uncalcified compartment, and the
rates of degradation were correspondingly low,
without major differences between tissue fractions.
The relation between synthesis and breakdown,
expressed as incorporated label after 24 h gives
lower ratios in the calcified tissue compared to the
uncalcified counterparts (Fig. 3). This would
indicate a net loss of PGs in the calcified tissue
fractions, i.e., that the elimination of PGs exceeds
their synthesis.
Of the newly synthesized CS disaccharides
recovered from uncalcified cartilage, 64–75% were
6-sulfated, while the corresponding proportion in
the calcified cartilage was 48–55% (Fig. 4). The
composition of the synthesized CS changed little
throughout the observation period and there were
no sign of selective turnover of the different
isomers.
changes with age
The synthetic rates in the medial plateau
decreased with age to reach the level seen in the
lateral plateau, where it remained fairly constant
throughout the observation period (Fig. 2). This
change involved synthesis of the large and small
PGs, although it was less drastic in the small PG
population. The decreased synthesis of both large
and small PGs in the non-OA tissue of older
animals was accompanied by reduced breakdown,
as seen from the proportion degraded during 6
days. Prior to the development of OA, the
metabolic balance show increasing values for large
PGs, while the proportion of small PGs seems to
decrease with age (Fig. 3). In general, the
peripheral tissue portions showed high such rates
probably related to net gain in tissue during
appositional growth (cf. Table II).
changes with onset of OA
Along with the development of OA in the central
portion of the medial plateau of the 12-month-old
animals, the synthesis of both large and small PGs
decreased by 30%, while the synthesis in the
unaffected lateral plateau remained comparatively
Table II
Tissue volume, maximal anterior-posterior (a–p) distances and thickness of epiphysis articular cartilage and
subchondral bone down to the epiphyseal plate of the proximal tibial. The increase in volume seems with age
corresponds to a continuous appositional growth while the thickness is constant (Mean 2 SD)
Epiphysis Medial a–p Lateral a–p Medial Lateral
volume (mm3) width (mm) width (mm) thickness (mm) thickness (mm)
6 months 29.3 2 1.5 7.8 2 0.2 7.2 2 0.2 2.2 2 0.1 2.4 2 0.2
9 months 33.4 2 2.8 8.5 2 0.4* 7.8 2 0.2* 2.2 2 0.2 2.5 2 0.2
12 months 40.9 2 2.9* 9.9 2 0.2* 8.5 2 0.4* 2.4 2 0.2 2.5 2 0.3
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Fig. 1. Agarose gel electrophoresis of PG monomers from
uncalcified articular cartilage [Fig 1(A), lane c: toluidine
blue, lane d: radiography] showed a distinct band
migrating as an isolated large PG preparation (lane b)
while the amount of small PG, migrating similar to free
CS chains [Fig 1(A), lane a], is barely visible. Most PGs
from calcified cartilage [Fig 1(A), lanes e and f] migrates
as degraded aggrecan with low signals in radiographical
tracings. In a gel devoid of SDS the reduced PG
monomers [Fig 1(B), lane a] migrated faster than non
reduced PG aggregates [Fig 1(B), lane b] formed by
incubation with hyaluronan.
animals, while in the lateral plateau the rates of
degradation decreased. When the metabolic bal-
ance of the OA cartilage was calculated based on
the chemical amounts of PG degraded, this shows
a slightly lower ratio compared to the situation at
9 months, while in the lateral plateau there is a
slightly increased value from 9 to 12 months of age
(Fig. 3). The difference in ratios between the
medial and lateral side is minute.
Discussion
The turnover of PG in the articular cartilage
depends on several factors that must be considered
when studying the metabolic background of OA.
The metabolic balance is affected by, e.g., growth,
ageing and mechanical load. In the guinea pig, the
physes do not close completely, although growth is
very slow in adult animals, and this means a net
increase in tissue volume, with a positive
metabolic balance—i.e., more matrix constituents
are laid down than are degraded. Load may
increase the concentration of PGs in articular
cartilage [19–22], as a result of increased synthesis
and/or reduced degradation. A third factor of
importance is ageing, although in these caged
laboratory animals, ageing occurs simultaneously
with increasing body weight, which also increases
the load on the joint surfaces.
It has previously been indicated that cartilage
PGs may be metabolized in at least two different
pools [25]. A smaller proportion is rapidly degraded
pericellularly soon after secretion, while the major
fraction becomes anchored in the extracellular
matrix, whereafter the turn-over occurs at a
considerably slower pace. In the present exper-
iment we estimated degradation from the losses
constant (Fig. 2). Simultaneously, the degradation
of the large PGs remained at the same level in the
OA tissue fraction as that seen in 9-month-old
Fig. 2. The synthesis and degradation of large and small PGs, expressed as CPM of incorporated 35SO4 per mg tissue
dry weight and their corresponding ratio of degradation in different uncalcified compartments of the tibial plateau.
Osteoarthrosis was invariably present at 12 months in the central fraction of the medial plateau (* denotes the fractions
with OA changes). The synthesis of PGs decreased with age. Onset of OA, predominantly at central portion of the
medial plateau at 9 and 12 months, was associated with the decreased synthesis of PGs while the degradation remained
at a constant level.
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Fig. 3. Metabolic balance for PGs of tibial articular cartilage, given as the ratio of CPM incorporated during the
labeling period per mg of uronic acid degraded during a single day. The decrease seen with onset of OA (cf. 9 and 12
months in the central portion of the medial plateau) is minute (* denotes the fractions with OA changes).
between days 1 and 7. The recorded degradation
therefore mainly reflects the rate of the second and
main catabolic pool. Assuming first order kinetics,
the obtained rates correspond to half-life times in
the order of 5–18 days.
Both synthesis and degradation of PGs were
higher in the youngest animals that have a slight
residual longitudinal growth [5], and where the
deeper parts of the articular cartilage is similar to
an epiphyseal plate. Although the older animals
also have remnants of epiphyseal cartilage,
negligible longitudinal growth takes place at 12
months. In the oldest age group, however, the body
weight continuously increases and the tibial
plateau grows appositionally, perhaps as an
adaptation to the increased body weight. Conse-
quently, the ratios between the anabolic and
catabolic rates were higher for the large PGs in the
peripheral portions of the plateaus, a difference
that may relate to new tissue being laid down. The
ratios of synthesis to breakdown obtained in the
central portions of the plateaus changed less. The
turnover of small PGs is somewhat different
mainly due to differences in synthetic rates.
At the onset of OA, this pattern changed. At 9
months, just before OA became grossly apparent,
the PG concentration was maximal, while the
concentration in the OA cartilage of the 12-month-
old animals had fallen by 32% [12]. The OA
affected central portion of the medial plateau
showed a significantly decreased rate of PG
synthesis, while the breakdown remained un-
changed. This is unlike that on the lateral
unaffected plateau. The medial and lateral
plateaus are of similar height, indicating similar
number of chondrocytes. The obtained difference
Fig. 4. 6/4 sulfate ratios of newly synthesized galactosaminoglycans in the different compartments of the tibial plateau.
The incorporation of 6-sulfate increases slightly in the younger animals, while there is no obvious changed with onset
of OA (* denotes the fractions with OA changes).
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can not therefore be explained by a decreased
number of chondrocytes in the ageing tissue,
although the cell density of OA tissue has not been
determined.
It thus appears that the decrease in PG contents
seen with the onset of primary OA is the result of
a slow process that barely can be demonstrated as
a negative metabolic balance. The metabolic
background to the decreased concentration of PGs
seen in OA tissue [12] is, however, related to
reduced synthesis rather than increased. This is
different from secondary OA models, where the
degradation of the cartilage primarily seems to be
associated with a substantial increased breakdown
of matrix constituents and a distinctly negative
metabolic balance [8, 9, 23].
In guinea pig OA, it seems that the cartilage
manages to bear an increased load by increasing
the concentration mainly of large PGs in the
extracellular matrix, which results in elevated
swelling pressure of this tissue [12]. However, the
limit of this capacity to compensate seems to be
reached in these animals. A higher load is followed
by a reduced ability of the chondrocytes to
maintain the high synthetic rates, while the
change in degradation is less obvious. With the
present results it can not be said whether the
decreased synthesis at 12 months is due to
decreased number of chondrocytes seen with
advanced OA or if there is a primary ‘fatigue’ of the
synthetic mechanism in the chondrocytes prior to
cell losses. The result, however, ensues a slowly
developing inability to withstand further increases
in load. In secondary OA due to injury, the strain
on the tissue may be large enough to release
substantial amounts of matrix metalloproteases
[24], resulting in faster breakdown of PGs and
other matrix constituents and more rapid changes.
Once the fixed charge density becomes insufficient
to provide the necessary swelling pressure, tissue
becomes brittle and develops more advanced
lesions with fibrillation. However, when this
occurs, the loss of tissue fragments will cause
surface incongruence, creating conditions for the
development of secondary changes, whether the
first lesions were primary or secondary ones.
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